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Objectives: Compliance mismatch between graft and native artery, and failure of the graft to develop an endothelial 
lining are the two main factors in graft failure. The objective of this study was to assess a new compliant graft for 
effective cell attachment and cell retention at physiological levels of pulsatile shear stress over a 6-hour period of 
physiological pulsatile flow. 
Design: Laboratory haemodynamic study. 
Materials and Methods: Human umbilical vein endothelial cells labelled with ~11In-oxine were seeded on compliant 
polyurethane (CPU) and polytetrafluoroethylene (PTFE) vascular grafts. These were then exposed to varying shear 
stresses of up to 13.8 +_ 0.6 dyn/cm 2 using a pulsatile flow model. Dynamic scintigraphy images were acquired using a 
gamma camera linked to an on-line computer during 6 h of perfusion and data presented as mean +_ standard error of 
mean. 
Results: Mean seeding efficiencies were significantly different at 4,316+_505 and 825++_504 CPM/cm 2 on the CPU and 
PTFE grafts, respectively (p = 0.018). The flow experiment showed a higher percentage of cells retained on the CPU graft 
after exposure to shear stress caused by pulsatile flow compared to PTFE with respect o time. After 6 h pulsatile perfusion 
there was a significantly higher proportion of initial cells attached to CPU graft compared to PTFE graft (73 _+8% vs 
42 +_8%, p =0.018). The areas under the time activity curves over the 6-hour period were 280+26.4 for CPU and 
176.0 ++ 30.Of or PTFE, confirming a significant greater total cell loss from PTFE compared with CPU grafts (51 +_ 7.0% 
vs 23 +_8.3%, p = 0.018, Wilcoxon matched-pairs signed-ranks test). 
Conclusions: This flow model provides an effective method of assessing cell retention on graft materials under physiological 
conditions over a 6-hour period; CPU combines both excellent compliance and endothelial ceil attachment rates after 6 h 
exposure to shear stress. 
Key Words: Shear Stress; Compliance; Polyurethane graft; Cell retention; Graft haemodynamics. 
Introduction 
Occlusive arterial disease affecting the lower limb 
is an increasingly common problem and bypass of 
occluded arteries in the leg is used for limb salvage or 
severe claudication where angioplasty is not possible. 1 
However, whilst prosthetic grafts fare well when used 
in the aortic or aortoiliac position, 2 most surgeons till 
consider that the best conduit for arterial bypass below 
the inguinal l igament is the patient's own saphenous 
vein as better long-term patency rates are achieved. 3 
Unfortunately, in up to 30o/04 of patients autogenous 
vein may not be available or may be inadequate de- 
pending on the length of the bypass required. In these 
* Please address all correspondence to: A. Giudiceandrea, Vascular 
Unit, University Department ofSurgery, Royal Free Hospital and 
School of Medicine, Pond Street, London NW3 2QG, U.K. 
circumstances a prosthetic graft is required. 5 It has 
been hypothesised that this difference in patency may 
arise because prosthetic grafts fail to develop an endo- 
thelial lining 6 and also because of compliance mis- 
match between graft and native artery. 7To overcome 
these problems research as been directed to endo- 
thelial seedling of grafts pre-bypass 8 and development 
of more compliant graft materials. 9 For these to be of 
clinical benefit in humans, the seeded endothelial cells 
have to withstand the shear stress produced by the 
patient's pulsatile blood flow. l°-m 
Up to now in vitro studies on vascular seeded grafts 
have been done over short periods of time up to I h 
and at shear stresses below physiological values, m is 
In addition, non-physiological low viscosity fluids 
such as Haemacel, tissue culture medium 13'14'19'2° 
or M19915 were used for perfusion. Some of these 
flow models also did not use oxygenation or media 
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designed to nourish endothelial cellsJ 5 Studies using 
blood had the right viscosity but were unsuitable in 
vitro because of pump-related cell damage and re- 
suiting leukocyte and platelet activation. 
A new compliant polyurethane (CPU) vascular graft 
has been developed with similar compliance char- 
acteristics to human artery. 7'9m The aim of this study 
was to compare this CPU with PTFE grafts for cell 
attachment and retention at the physiological levels 
of shear stress found in the human femoral artery for 
a period of 6 h. 
Method and Materials 
Indium labelling endothelial cells 
In vitro seeding studies are traditionally performed 
with animal endothelial cells 9'16 or endothelial cells 
harvested from human vein, typically the saphenous 
vein 17 or commonly from human umbilical vein.  9'12 
Because of easy availability and local expertise, human 
umbilical vein was selected as a source of cells for this 
study. 9,22,23 
The details of the labelling procedure have been 
previously described. 24In brief, endothelial cells were 
harvested from human umbilical vein. 25 Cell number 
was increased in tissue cultures and confluent cultures 
at fourth or fifth passage were used. For each ex- 
periment a mean of 2 x 10 6 cells were used. Each 
experiment was performed using cells from the same 
donor vein. 
Confluent cell cultures were detached using 0.05% 
trypsin and a 0.02% ethylenediamine-tetra-acetic acid 
(EDTA), and the cells suspended in a volume of i ml 
M199 containing 20% fetal calf serum (FCS). An aliquot 
was taken for cell counting. Then 3.7 MBq activity of 
mIn-oxine (Amersham International, IK) were added 
and incubated for 15 min at 37 °C. The cells were then 
washed 3 times with M199 medium (Gibco BRL, U.K.) 
containing 20% FCS and finally resuspended in tissue 
culture medium at a concentration of 4 x 10 s cells/ 
100 ~tl. Percentage labelling efficiency was calculated 
from the following formula: 
labelling efficiency (%) 
activity in cells 
activity in cells + activity in supematant 
x 100 
Table 1. Summary of graft details and seeding parameters. Dex t
and Dmt and Dint are graft external and internal diameters. See 
text for details of calculation of inlet length. 
Grafts/haemodynamics PTFE CPU 
parameter 
Dex t (cm) 0.68 0.65 
D~t (cm) 0.6 0.5 
Inlet length (cm) 6.0 5.5 
Seeded length (¢m) 2.0 2.0 
Seeded graft surface (cm 2) 3.74 3.14 
Seeding density (cells/cm 2) 2.5 x 105 2.5 x 105 
Seeded cells 9.42 x 105 7.85 x 1065 
Mean flow ± SD (ml/sec) 240 ± 12 240 ± 12 
Mean velocity (cm/sec) 14.1 ± 0.7 20.3 ± 1.0 
Wormersley parameter 3.70 2.74 
Peak Reynolds number 727 859 
Mean shear stress (dyn/cm 2) 4.60 _+ 0.2 5.89 ± 0.3 
Peak shear stress (dyn/cm 2) 12.3 ± 0.6 15.8 ± 0.7 
Compliance (%mmHg x 10 -2) 2.1 ± 0.2 12.3 ± 1.1 
Peak shear stress corrected for 12.1 ± 0.6 13.8 ± 0.6 
compliance (dyn/cm 2)
where no endothelial cell seeding was employed. 
Using a pulsatile flow model, the inlet length was 
computed to ensure that velocity profiles within the 
seeded length of the graft to be studied were parabolic, 
and not exposed to turbulent f l ow.  26 To satisfy this 
condition, a total of 10 cm length of PTFE (W.L. Gore 
and Associated Incorporated, Arizona, U.S.A.) and 
CPU (PolyMedica Industries, Cheshire, U.K.) grafts 
were prepared. Allowing a 6cm non coated inlet 
length, the following 2 cm of the graft were coated 
with fibronectin solution at a concentration of 1.8 ~tg/ 
cm 2 and allowed to dry overnight (Table 1). 22 The 2 cm 
fibronectin coated surfaces of the grafts were seeded 
with the endothelial cells. The location of the cell 
suspension in the graft was controlled by positioning 
of occlusion catheters. The grafts were seeded at su- 
perconfluent density of 2.5 x 105 endothelial cel ls/cm 2. 
Seeding efficiency was calculated for PTFE and CPU 
grafts and corrected per seeded graft surface by the 
following formula. 24 
seeding efficiency 
average activity over seeded graft at 
start of experiment 
seeded graft surface (cm 2) 
Grafts were placed horizontally at 37 °C and rotated 
90 ° every 15 min for i h. The grafts were then washed 
with phosphate buffer solution and positioned into 
the flow circuit. 24 
Graft preparation and seeding 
To avoid problems of turbulence at graft junctions, a 
length of inflow graft ("inlet length") was utilised 
Spontaneous leakage xperiment 
Parallel to each flow experiment, rain-labelled cells 
from the same patient were kept in i ml of tissue 
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Fig. 1. Diagrammatic representation of flow model. A = inlet length, 
B = seeded length and C = outlet length. PC = Macintosh Power book 
5300cs portable computer. See construction fpulsatile flow model 
in text for details. 
culture medium at 37 °C. One hundred microlitres 
were taken at each time point (0, 0.5, 1, 2, 4, 6 hours) 
and spun at 200 g for 5 min. The supernatant at each 
time interval was taken for counting of gamma activity. 
The remaining pellet was re-suspended in 100 ~tl of 
fresh medium and taken for counting of gamma ac- 
tivity. Spontaneous leakage of l l l I n  was  measured for 
each cell line as :  24 
% indium activity in cells 
CPM in cell suspension 
z 
CPM in cell suspension +CPM in supernatant 
x 100 
CPM is count activity per minute. 
Construction ofpulsatile flow model 
In order to assess the performance of the seeded 
vascular graft in a human flow situation, a model was 
constructed to simulate pulsatile blood flow similar to 
that found in the human femoral artery (Fig. 1). The 
model consists of a variable-speed pump (Bio Medicus 
Inc., Minnetonka, U.S.A.), 150 cm of flexible plastic 
tubing, a tubular probe of an electromagnetic flow- 
meter (EMF) (Nycotron Blood Flow Meter 376, Dram- 
men, Norway) and a solenoid controlled clamp to 
simulate a pulsatile flow waveform which included 
reverse flow in diastole (Fig. 2). A pressure transducer 
was used to record the pressure in the flow circuit 
continuously. Instantaneous flow rates were measured 
with the 9.5 mm calibre tubular flow probe of the EMF. 
The output from pressure transducer and flowmeter 
were fed into a data recording system (Maclab, AD- 
Instrument, U.K.). 
Shear stress at the wall (z) was calculated from the 
Wormersley formulaY 
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Fig. 2. Plots of typical flow waveforms simulated in flow model 
recorded by electromagnetic flowmeter over a pulsatile cycle. 
where # is viscosity and a is Wormersley parameter, 
U is volumetric velocity and R is radius. Pulsatile 
shear stresses for CPU and PTFE grafts are shown in 
Fig. 3 and experimental flow parameters are shown 
in Table 1. The system was subjected to a pulsatile 
pressure of 110/80 mmHg. 
Viscosity of the perfusion solution was calibrated 
with a cone-plate viscometer at 0.035 poise. This was 
achieved by adding 8% low molecular weight Dextran 
(Molecular Weight 80.000 Dalton, Sigma Chemical Co., 
U.K.) to a nutrient solution composed of M199, 20% 
new-born calf serum, Na bicarbonate (Sigma Chemical 
Co., UK), L-glutamine (Gibco BRL, U.K.), penicillin 
100 U/ml ,  streptomycin 100 mg/ml  and buffered at 
pH 7.2+0.1. This solution was tested for its effect 
on the viability of endothelial cells. In a separate 
experiment his solution was added to endothelial 
cells in culture and confirmed no detrimental effect 
on the endothelial cells after 48 h incubation. The flow 
solution was oxygenated through a bubble oxygenator 
and kept under sterile conditions in the flow model. 
Temperature was kept at 37 °C. 
Measuring procedure 
The placement of the grafts into the flow circuit was 
randomised. Radioactivity over the seeded vascular 
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grafts labelled with rain was measured by using a 16 
scintigraphy gamma camera (Ohio Nuclear, Ohio, 
USA). The section of plastic tubing that contained the 14 
vascular grafts was placed on top of the gamma cam- 12 
era. Dynamic scintigraphic imaging of the vascular 
grafts was performed using a 40 cm field of view 10 
camera. All images were recorded by an on-line corn- ~ 
puter in 64 by 64 matrices. The initial 24 images ~ 8 
acquired for 5 min each, then followed by eight 30- 
min images. ~ 6 
~D 
Using this protocol seven experiments with identical ~= 
haemodynamic parameters were performed. 4 
At the end of each experiment graft segments were 
assessed by scanning electron microscopy for visual 2 
assessment of the cell survival and attachment. 
Data and statistical analysis 
The scintigraphy images were displayed on the mon- 
itor and the following regions of interests (ROIs) were 
drawn: (1) over the inflow to the CPU graft; (2) the 
CPU graft; (3) just proximal to the PTFE graft; (4) 
the PTFE graft; and (5) the background region. Time 
activity curves were generated for each region. The 
time activity curve for over CPU and PTFE grafts were 
corrected for background and spontaneous leakage 
and half life. Cell attachment with respect o time was 
calculated as: 
cells (tn)sraf~.100 
cells (to) 
= CPM(tn)graft - CPM(tn)mbe 
CPM(t0)gr~ft 
-100 decay(tn) in % +leakage(tn) in % 
whereas n is time in hour and n = 0 is the time before 
grafts were exposed to flow. 
The attachment of endothelial cells to CPU graft 
and PTFE graft after exposure to flow (6 h) was es- 
timated by computing the area under the time activity 
curves. 
All data were presented as mean_+ standard error 
of mean and compared with Wilcoxon matched-pairs 
signed-ranks test. A confidence limit of less than 5% 
(p<0.05) was considered significant. 
Results 
The mean labelling efficiency of cells from the seven 
experiments was 83 _+ 6%. Regression analysis howed 
m 
60 120 180 240 300 360 
Cardiac phase cycle (degree) 
Fig. 3. Plots of typical shear stress waveforms computed for CPU 
(O) and PTFE (i)  grafts. See text for details. 
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Fig. 4. The time activity curve for CPU and PTFE grafts. The data 
are mean +SEM of seven repeated experiments. (p<0.01, Wilcoxon 
paired test). 
a linear relation between time and spontaneous leak- 
age of radioactivity (rain) (r = 0.98, p<0.001). 
Mean seeding efficiencies were 4316+505 and 
825_+504 CPM/cm 2 on the CPU and PTFE grafts re- 
spectively and this difference was significant (p= 
0.018). 
Using instantaneous flow and compliance data, 
shear stress over the cardiac cycle was computed 
for CPU and PTFE grafts and shown in Fig. 3. Cell 
detachment from CPU and PTFE grafts over the period 
of six hours is shown in Fig. 4. A higher percentage 
of cells were retained on the CPU graft after exposure 
to shear stress caused by pulsatile flow compared to 
PTFE with respect to time. At the end of the ex- 
periments (6 h) there were significantly higher pro- 
portions of initial cells attached to CPU graft compared 
to PTFE graft (73 + 8% vs 42 + 8%, p = 0.018). The areas 
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Fig. 5. Changes of activity over time. These curves were generated 
using Fig. 4. 
under the time activity curves over a 6-hour period 
(Fig. 4) were 260.6 ___26.4 for CPU and 176.0 + 30.0 for 
PTFE showing a significantly greater total cell loss 
over the 6-hour period on PTFE grafts compared with 
CPU (51+7.0% vs 22+8.3%, p=0.018, Wilcoxon 
matched-pairs signed-ranks test). 
Different analysis of Fig. 4 revealed a triphasic pat- 
tern of cell detachment, and this pattern is dem- 
onstrated in Fig. 5. Cell loss in the first 20 • in  (phase 
1) was 17 + 4% and 24 + 4% over CPU and PFTE grafts, 
respectively. After this initial massive loss a slow, 
exponential detachment of cells was observed (phase 
2). This lasted up to 150 • in  and at the end of this 
phase 24 ± 8% of the initial cells were lost on the CPU 
and PTFE grafts, respectively. A plateau phase was 
reached (phase 3) after 150 • in  for both grafts where 
the cells were seemingly stable and attached to the 
underlying surface. 
The cells on the CPU and PTFE grafts did survive 
shear stress in the flow model. This was confirmed by 
visual assessment of data from electron microscopy 
(Fig. 6). 
Discussion 
Prosthetic grafts have a lower patency rate if used for 
arterial bypass below the knee3; the possible causes of 
late graft failure have been attributed to compliance 
mismatch between graft and native vessel and lack of 
endothelial cells on the surface of the graft] PTFE is 
the prosthetic material most often used for vascular 
bypass below the inguinal ligament. It is attractive 
because of its durability, biological compatibility and 
smooth surface. CPU is a new vascular graft with 
more physiological compliance than PTFE. 7'28 
The advantage of CPU is its greater compliance and 
it is widely accepted that this is of benefit in design 
of a new graft. The importance of endothelial cell 
seeding in the clinical setting has been demonstrated 
with a well conducted clinical trial showing improved 
patency rates in lower limb bypass grafting using 
prosthetic material} 9 
111In was used to label seeded endothelial cells and 
activity was assessed using a scintigraphy gamma 
camera. The use of indium has been criticised in the 
past for inaccuracies in measurement due to spon- 
taneous leakage of indium from the cells. 24 In this 
study the spontaneous leakage rate for each cell was 
assessed in parallel experiments and appropriate cor- 
rections were made. Their final assessment has also 
been corrected for decay which over a 6-hour period 
was 8%. Possible cell toxicity of indium itself was not 
relevant because of the low doses used (1.85 MBq/106 
cells).3° 
Endothelial cells adhere very poorly to PTFE grafts 
irrespective of treatment with collagen or fibro- 
nectinY TM This was demonstrated in a comparative 
study of endothelial cell adherence between PTFE and 
Dacron graft, which found 10% higher cell attachment 
to Dacron graft compared to PTFE when both grafts 
were coated with collagen./7 We have shown that 
the CPU graft has 5.2 times better cell attachment 
compared to PTFE. This may be due to the pitted 
luminal surface of CPU graft material which is made 
up of microscopic bubbles (Fig. 6); also, coating with 
agents uch as fibronectin is known to promote better 
cell adhesion onto CPU compared to PTFE. 9 
Radioactivity measurements over the seeded vas- 
cular grafts is conventionally done using a scintillation 
detector probe. Probe detector efficiency is very low 
when detecting amma rays, especially the 171 and 
245 KeV gamma rays emitted by •In. We used a 
gamma camera with an on-line computer, because this 
device is able to produce dynamic scintigraphic mages 
of distribution of radioactivity with greater efficiencyY 
The ability of seeded endothelial cells to resist shear 
stress is of crucial importance. The pulsatile flow model 
used in this experiment is designed to produce a 
physiological level of shear stress and to offer endo- 
thelial cells a suitable physiological environment to 
proliferate. The flow and pressure pattern in the flow 
circuit were similar to that found in the femoral artery, 
with a high pulsatility index and retrograde flow 
component. 
The perfusion fluid has also practically Newtonian 
properties with linear relationship between shear rate 
and shear stress. It differs from blood, which has 
higher viscosity at low shear ates, but this discrepancy 
is of importance also in capillaries and for the purpose 
of this study can therefore be ignored. 
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(A) 
(B) 
Fig. 6. Scarming electron microscopy (original magnification x 660) of fibronection coated PTFE (A) and CPU (B) grafts after exposure 1
flow for 6 h. See text for details. 
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To calculate shear stress, the Wormersley equation 
was used because it relates to a rigid tube system. 
Shear stress was different in CPU and PTFE because 
of different grant diameters causing different velocities 
(respectively 8.2 + dyn/cm 2and 6.1 + dyn/cm2). Max- 
imal shear was respectively 22.6+0.6dyn/cm 2 for 
PTFE and 30.2+0.9dyn/cm 2 for CPU. Compliance 
was measured at 12.3 ± 1.1 and 2.1 ±0.6%/mmHg 102 
for CPU and PTFE grafts, respectively. Corrected for 
compliance comparable maximum shear stress values 
of 13.8 +0.6 and 12.1 +0.6 dyn/cm 2for CPU and PTFE 
grafts were obtained. Physiological shear stress values 
are 2-20 dyn/cm 2under basal conditions and become 
30-100 dyn/cm 2near arterial branches and in sharp 
wall curvatures. Fry established a critical yield stress 
value of 400 dyn/cm 2above which morphological cell 
changes uch as swelling and deformity OCCUr. 32 In all 
our experiments shear stress levels were well below 
this value. 
A triphasic pattern of cell detachment was observed 
(Fig. 5). Cell loss in the first 20rain (phase 1) was 
17+4% and 24+4% over CPU and PTFE grafts, re- 
spectively. This consistent observation is probably at- 
tributed to the loss of poorly attached rounded cells 
and has been precisely described. 1°'17 After this initial 
massive loss a slow, exponential detachment of cells 
occurs (phase 2). This lasts up to 150 min and at the 
end of this phase 24±8% and 54_+10% of the initial 
cells were lost on the CPU and PTFE grafts, re- 
spectively. This was probably caused by spontaneous 
loss of initial attachment due to cell death and effect 
of shear stress on damaged cells produced during 
tissue culture. 
A plateau phase was reached (phase 3) after 150 rain 
for both grafts where the cells were stably attached to 
the underlying surface, afinding not previously shown 
experimentally} ° This pattern of cell detachment was 
observed on both graft surfaces, but change of cell 
loss over time in phases 1 and 2 was significantly 
higher on the PTFE graft than CPU graft. 
The endothelial cells were able to adhere to the CPU 
graft under physiological shear stress on the graft wall. 
This is likely to be due to the structure of CPU grafts, 
with the uneven pitted structure offering better cell 
protection in the delicate phase of initial cell at- 
tachment. Whether migration to the surface and sta- 
bilisation of the endothelial cell monolayer then takes 
place requires further study over a much longer time 
period. 
In conclusion, we have assessed endothelial cell 
seeding in two different vascular grafts using a pul- 
satile flow model to simulate the physiological flow 
in the human femoral artery using a nuclear medical 
imaging technique. This model allowed survival of 
endothelial cells under physiological conditions and 
shear stress for a much longer time period than before. 
The results of the present experiments demonstrate 
that seeding efficiencies were significantly higher with 
CPU than PTFE grafts, endothelial cells seeded on 
CPU and PTFE grafts were washed away exponentially 
up to the first 150 min and after the cell population 
on both grafts remained stable under similar shear 
stress values to those observed in human femoral 
artery. Endothelial cells were more adherent o CPU 
grafts than PTFE under physiological f ow condition. 
Potentially endothelial seeding of this more compliant 
graft material may provide a ideal prostheticvascular 
substitute with characteristics imilar to those of 
human autologous vein and femoral artery. 
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